This is an by copyright after embargo allowed publisher's PDF of an article published in Kahlisch, L., Henne, K., Draheim, J., Brettar, I., Höfle, M.G. Central to the understanding of infections by the waterborne pathogen Legionella pneumophila is its detection at the clonal level. Currently, multiple-locus variable-number tandem-repeat (VNTR) analysis (MLVA) of L. pneumophila isolates can be used as a tool for high-resolution genotyping. Since L. pneumophila is difficult to isolate, the isolation of outbreak strains often fails due to a viable but nonculturable (VBNC) state of the respective environmental population. Therefore, we developed a cultivation-independent approach to detect single clones in drinking water. This approach is based on the extraction of DNA from drinking water followed by PCR using a set of eight VNTR primer pairs necessary for MLVA genotyping of L. pneumophila. The PCR amplicons were analyzed by single-strand conformation polymorphism (SSCP) and capillary electrophoresis to obtain the respective MLVA profiles. Parallel to the high-resolution analysis, we used the same environmental DNA to quantify the number of L. pneumophila cells in drinking water using real-time PCR with 16S rRNA gene-targeted primers. We used a set of drinking water samples from a small-scale drinking water network to test our approach. With these samples we demonstrated that the developed approach was directly applicable to DNA obtained from drinking water. We were able to detect more L. pneumophila MLVA genotypes in drinking water than we could detect by isolation. Our approach could be a valuable tool to identify outbreak strains even after the outbreak has occurred and has the potential to be applied directly to clinical material.
Legionella pneumophila is a Gram-negative, facultative, intracellular pathogen that accounts for the majority of cases of Legionnaires' disease in Europe (16) . It is also the causative agent of a milder form of infection, Pontiac fever (14) . Legionellae are ubiquitous inhabitants of natural and human-made aquatic environments. They occur in bulk water and biofilms, where they replicate within protozoa, which can serve as a transmission vehicle and as a protective shell against disinfection or heat treatment (2, 6, 7) . In drinking water supply systems (DWSSs), legionellae can survive in dead-end tubings, stagnated water in plumbings, or seldom-used facilities (2) . The pathogen is transmitted via small droplets of water, e.g., aerosols from cooling towers, showerheads, or air conditioners. In the human lung, it is able to enter and replicate within alveolar macrophages, causing a severe pneumonia. Among the 48 species of the genus Legionella (1, 4, 21, 22) , L. pneumophila is responsible for approximately 91% of all reported community-acquired cases of legionellosis. Among the 15 serogroups of L. pneumophila, serogroup 1 accounts for 84% of confirmed cases, as assessed by an international collaborative survey (40) . Even among serogroup 1 isolates, a high level of genetic diversity was observed by several studies (12, 30, 35) .
Epidemiological analyses of infections caused by L. pneumophila depend on the accurate identification of strains, preferably at the clonal level. Therefore, several typing methods have been implemented in the last years, e.g., MLST (multiplelocus sequence typing), which is based on DNA sequencing of multiple polymorphic DNA segments (13, 33) . Recently, a multiple-locus variable-number tandem-repeat (VNTR) analysis (MLVA) was implemented by Pourcel et al. and approved by Eurosurveillance (30, 31) . MLVA typing is used to determine the allele-related repeat size variation on different VNTR loci of L. pneumophila isolates. The method was further improved by adapting the eight-locus-comprising MLVA (MLVA-8) to capillary electrophoresis (CE) with the use of fluorescently labeled primers, thus providing a fast, reproducible, and low-cost genotyping method for L. pneumophila isolates (26) . Upstream isolation procedures face several problems: especially in hot water with temperatures above 37°C, legionellae can lose culturability and enter a viable but nonculturable (VBNC) state (28) . This VBNC state is mostly the reason why L. pneumophila cannot be isolated from aquatic environments that are suspected to be the source of infection (37) . Additionally, cultivation of this fastidious bacterium is difficult due to its slow growth and overgrowing by competing bacteria on agar plates. The aim of this study was to evaluate the utility of MLVAs directly on environmental DNA obtained from finished drinking water. Using DNA-based single-strand conformation polymorphism (SSCP) analysis, this method should (i) allow the identification of strains causing outbreaks, (ii) allow the monitoring of L. pneumophila strains present in a given sample at the clonal level without cultivation, and (iii) provide sequence information on VNTR markers obtained directly from the sequencing of SSCP gel bands, i.e., environmental DNA. To this end, we tested our approach with DNA from a set of drinking water samples from a small-scale drinking water network. We demonstrated that the method provides a reliable tool for the analysis of drinking water samples where the number of L. pneumophila cells present is relatively low and where isolation procedures did not succeed. Additionally, complete sequence information on the VNTR locus could be obtained from PCR amplicons separated on SSCP gels to identify the specific MLVA genotype.
MATERIALS AND METHODS
Strains and growth conditions. Reference strain Legionella pneumophila subsp. pneumophila strain Philadelphia DSMZ7513
T was provided by Molecular Diagnostics Center, Orihuela, Spain. All other reference strains (L. pneumophila strain Corby, L. pneumophila strain Lens, Legionella jamestowniensis, L. jordanis, L. cincinnatiensis, and L. feeleii) were kindly provided by Michael Steinert from the Institute of Microbiology at the Technical University of Braunschweig. All reference strains were grown on solid buffered charcoal yeast extract (BCYE) medium supplemented with L-cysteine and ferric pyrophosphate, with or without antibiotics (Oxoid, Basingstoke, United Kingdom).
Sampling of drinking water and isolation of Legionella sp. strains. Hot and cold drinking water samples were collected from several sources (for details, see Table 1 ) on the campus of the Helmholtz Centre for Infection Research (HZI) in Braunschweig, Germany, on 23 June 2009. In addition, cooling tower water samples (bulk water) were obtained on 10 July 2009. Legionella sp. strains were isolated from the samples according to ISO 11731-2 (German monitoring method for the isolation and enumeration of Legionella organisms in water intended for human use) (15a). In brief, 10 to 1,000 ml (mostly 250 ml) of the water sample (or an appropriate dilution) was filtered onto a 0.45-m HABG filter (mixed cellulose esters, black, with counting grid; Millipore, Schwalbach, Germany) and treated with 20 ml of acidic buffer (0.2 mol HCl-KCl solution [pH 2.2]) for 5 min. After a washing step with 10 ml of sterile distilled water, the filter was transferred onto GVPC (BCYE medium with glycine vancomycin polymyxin cycloheximide) or MWY (BCYE medium with antimicrobial agents, glycine, and differential dyes) solid medium (Mibius, Düsseldorf, Germany) and incubated at 36°C Ϯ 1°C for 3 to 10 days. Legionella colonies appeared as gray or white round colonies with ground-glass opacity when observed after 3 days of culture. All Legionella-like colonies were picked from this medium and subcultured onto BCYE medium (Mibius, Düsseldorf, Germany) with and without antibiotics and onto sheep blood agar plates (Mibius, Düsseldorf, Germany). Organisms growing on charcoal agar but not on blood agar were tested by PCR with Legionella genus-specific primers Lgsp17F and Lgsp28R (see below). Positive colonies were subcultured onto BCYE medium and further characterized by complete sequencing of the 16S rRNA gene.
For the long-term storage of the drinking water samples and DNA extraction, bacteria were harvested from 3 to 5 liters of drinking water by filtration through a filter sandwich consisting of a 0.2-m-pore-size polycarbonate filter (90-mm diameter) (Nuclepore; Whatman, Maidstone, United Kingdom) with a precombusted glass fiber filter on top (90-mm diameter) (GF/F; Whatman) according to a method described previously by Eichler et al. (8) . These filter sandwiches were stored at Ϫ70°C until further analysis.
For enumeration of total bacteria, formaldehyde-fixed drinking water samples (2% final concentration) were stained with Sybr green I dye (1:10,000 final dilution; Molecular Probes, Invitrogen) for 15 min at room temperature in the dark. Five-milliliter portions were filtered onto 0.2-m-pore-size Anodisc filters (Whatman) and mounted with Citifluor onto microscopic glass slides according a protocol described previously Weinbauer et al. (39) . Slides were either analyzed directly with epifluorescence microscopy or stored frozen (Ϫ20°C) until examination. For epifluorescence microscopy, a microscope (Axioplan; Zeiss) with suitable fluorescence filters was used, and the slides were examined by using a 100-fold magnification. For each filter, either 10 photographs were taken and image sections of a defined size (0.642 mm by 0.483 mm) were analyzed by using Image J software from MacBiophotonics (http://www.macbiophotonics.ca/) or 30 fields (0.125 mm by 0.125 mm) were counted by eye.
Heterotrophic plate counts (HPCs) were done in triplicate by using an aliquot of the drinking water sample and the spread plate technique with R2A agar (Oxoid) plates. Incubation was carried out at two different temperatures according to German drinking water regulations (36°C for 48 h and 22°C for 72 h) (10) .
DNA extraction, PCR, and real-time PCR. For the extraction of DNA from the filter sandwiches, a modified DNeasy protocol (Qiagen, Hilden, Germany) was used. In brief, sandwich filters were cut into pieces and incubated with enzymatic lysis buffer (20 mM Tris-HCl, 2 mM EDTA, 1.2% Triton X-100 [pH 8.0]) containing 10 mg/ml lysozyme (Sigma) for 60 min in a 37°C water bath. After the addition of AL buffer from the kit, the samples were incubated at 78°C in a shaking water bath for 20 min. After filtration through a polyamide mesh with a 250-m pore size, absolute ethanol was added to the filtrate (ratio of filtrate to ethanol of 2:1), and the mixture was applied onto the spin column of the kit. After this step, the protocol was done according to the manufacturer's instructions. DNA was eluted from the column with DNase/RNase-free water and stored at Ϫ20°C. Quantification of DNA was carried out by using Picogreen (double-stranded DNA [dsDNA] quantification; Molecular Probes, Invitrogen) according to a method described previously by Weinbauer et al. (39) . For Legionella sp. isolates, genomic DNA was isolated from agar plates using the standard DNeasy procedure for Gram-negative bacteria (Qiagen, Hilden, Germany). Different PCRs were carried out as follows. For the classification of Legionellalike colonies obtained from the HZI sampling, a Legionella genus-specific PCR using primers Lgsp17F (5Ј-GGCCTACCAAGGCGACGATCG-3Ј) and Lgsp28R (5Ј-CACCGGAAATTCCACTACCCTCTC-3Ј) and a Legionella pneumophila-specific PCR using primers Lp-16S_246-248F (CCTGGGCTTAACCT GGGAC) and Lp-16S_246-248R (CTTAGAGTCCCCACCATCACAT) were applied. For the sequencing of the complete 16S rRNA gene of Legionella isolates, primers 27F (AGAGTTTGATCMTGGCTCAG) and 1492R (TACGG YTACCTTGTTACGACTT) were used. Each amplification was carried out by using 0.2 to 2 ng of DNA template in a final volume of 50 l under the conditions described in Table 2 . Amplification was achieved by using HotStar Taq DNA polymerase (Qiagen, Hilden, Germany).
For the quantification of the number of Legionella pneumophila genes in drinking water samples, real-time PCR using Sybr green I chemistry (Roche Diagnostics, Germany) was implemented. For real-time PCR, Legionella pneumophila-specific primers Lp-16S_246-248F and Lp-16S_246-248R (see above) were used. On the Light Cycler 480 real-time PCR machine (Roche Diagnostics, Germany), the 16S rRNA gene was used to determine the number of L. pneumophila genomes in an approach utilizing a standard of genomic DNA from L. pneumophila strain Philadelphia (DSMZ7513 T ) and a detection limit of approximately 0.4 Legionella pneumophila cells per PCR assay.
MLVA-8 and capillary electrophoresis. MLVA-8 single PCRs were carried out by using the primer sets described previously by Pourcel et al. (31) and the diagram shown in Fig. 1 . PCR mixtures of 50 l contained 1ϫ reaction buffer (Qiagen, Hilden, Germany), 2.5 U of HotStar Taq DNA polymerase, 0.2 to 2 ng of template DNA, 125 nmol MgCl 2 , 7.5 nmol each deoxynucleoside triphosphate (dNTP), and 0.02 nmol each primer. Forward primers for PCR were synthesized with a biotin tag on the 5Ј end (MWG Operon, Ebersberg, Germany). Each PCR was carried out by using an initial denaturation step for 15 min at 95°C and a total of 35 cycles (30 s at 95°C, 30 s at 65°C, and 30 s at 72°C), followed by a final elongation step for 10 min at 72°C. For PCRs of environmental DNA, a booster PCR was performed using 1 l of the first amplification in a second PCR (50 l).
In the PCR for MLVA-8 for capillary electrophoresis, forward primers were labeled with VIC, PET, 6-carboxyfluorescein (FAM), and NED (Applied Biosystems, Foster City, CA) ( Table 3 ). All reverse primers were synthesized unlabeled (MWG Operon, Ebersberg, Germany). After amplification, 1 l (PCR for isolates) or up to 10 l (in situ samples) of the PCR products of Lpms1b (here Lpms1), Lpms3, Lpms33, and Lpms35 (panel I) or Lpms13, Lpms17, Lpms19b (here Lpms19), and Lpms34 (panel II) was pooled, purified using the MinElute PCR cleanup kit (Qiagen, Hilden, Germany), and diluted 1:50 or 1:100 with distilled water. In the wells of a 96-well microtiter plate, 1 l of the pooled and diluted PCR product mix was added to 8.85 l of HiDi (highly deionized) formamide (Applied Biosystems) and 0.15 l GeneScan 1200LIZ size standard (Applied Biosystems) containing 68 single-stranded labeled fragments in the range of 20 to 1,200 bp. The samples were denatured for 3 min at 95°C in a thermoblock, cooled on ice for at least 1 min, and spun briefly for 500 rpm in a Multifuge 1 centrifuge (Heraeus, Germany). Fragment analysis was performed with a 3130xl sequencer (Applied Biosystems) equipped with 50-cm capillaries by using a POP-7 polymer with the recommended running parameters for the GeneScan LIZ1200 size standard (running period of 2.5 h, running voltage of 8.5 kV, and injection voltage of 15 kV). Each L. pneumophila minimicrosatellite (Lpms) locus was identified by color and assigned a size by GeneMapper software, version 3.7 (Applied Biosystems), using settings for microsatellite analysis. The number of repeats in the alleles was estimated by subtracting the invariable flanking region from the amplicon size divided by the repeat unit length, as determined for reference strain Philadelphia according to a method described previously by Pourcel et al. (31) .
SSCP electrophoresis. For the preparation of single-stranded DNA (ssDNA) from the PCR amplicons, a variant of a protocol described previously by Eichler et al. (9) was applied. Briefly, magnetic streptavidin-coated beads (Promega, Madison, WI) were used to prepare ssDNA from the PCR amplicons. For SSCP FIG. 1. Flow chart of the analytical setup. Either an isolate or an environmental sample was analyzed simultaneously by MLVA-8 for CE and SSCP electrophoresis. For CE, PCR was done by using fluorescently labeled primers to enable the determination of the repeat numbers in the alleles through an analysis of the peaks in the electropherograms. Subsequently, a comparison with the MLVA database for Legionella (2007) was conducted (http://bacterial-genotyping.igmors.u -psud.fr/Legionella2006/help.htm) to identify single clones. For the SSCP analysis of the samples, PCR amplification with 5Ј-biotin-tagged forward primers was applied. Bands originating from the SSCP fingerprints were cut out and analyzed by sequencing. The sequence information could then be converted into the repeat profile. analysis, 25 ng of the obtained ssDNA was mixed with gel loading buffer (95% formamide, 10 mM NaOH, 0.25% bromphenol blue, 0.25% xylene cyanol) in a final volume of 7 l. After incubation for 3 min at 95°C, the ssDNA samples were stored on ice, loaded onto a nondenaturing polyacrylamide-like gel (0.6 ϫ MDE gel solution; Cambrex BioScience, Rockland, ME), and electrophoretically separated at 20°C at 400 V for 20 h on a Macrophor sequencing apparatus with 55-cm glass plates (Pharmacia Biotech, Germany). The gel was silver stained according to a method described previously by Bassam et al. (3) . Dried SSCP gels were digitized by using an Epson Expression 1600 Pro scanner. Reamplification and sequencing of ssDNA bands from SSCP gels. Sequence information was obtained according to a protocol described previously by Eichler et al. (9) . Briefly, ssDNA bands were excised from SSCP acrylamide gels and boiled in Tris buffer (10 mM Tris-HCl, 5 mM MgCl 2 , 5 mM KCl, 0.1% Triton X-100 [pH 9]). Five microliters of the solution was used in a reamplification PCR with the unbiotinylated Lpms primers described above. After checking on a 2% agarose gel, the amplicons were purified and subsequently sequenced by cycle sequencing (ABI Prism BigDye Terminator cycle sequencing ready-reaction kit; Applied Biosystems, Foster City, CA). Before analysis on an ABI Prism 3100 genetic analyzer, the products were purified by using the BigDye Terminator purification kit (Qiagen, Hilden, Germany). The obtained sequence information was used to calculate Lpms locus repeats comparable to the data obtained by capillary electrophoresis (see above).
Nucleotide sequence accession numbers. Sequences retrieved from SSCP gels of strain-specific MLVA profiles were deposited in the GenBank/EMBL/DDBJ database under accession numbers GU598121 (band 1) to GU598174 (band 54).
RESULTS

Molecular quantification of L. pneumophila and isolation of
Legionella sp. strains. During 1 1 ⁄2 years, drinking water from the tap of room D0.04 was analyzed by using Legionella genusspecific and Legionella pneumophila-specific PCR screening. To estimate the abundances of single L. pneumophila genotypes in our drinking water samples and to determine the efficiency of the developed assay, we additionally applied a Legionella pneumophila-specific real-time PCR approach for quantification. We compared the numbers of genomes with heterotrophic plate counts on R2A medium, total cell counts counted by epifluorescence microscopy, and the numbers of colonies visible on the filters used for the isolation of Legionella cells (Table 4) . Heterotrophic plate counts at 36°C resulted in moderate CFU counts that were 4 to 6 logs lower than the cell numbers counted by epifluorescence microscopy. At 20°C we observed even fewer CFU per liter of sample volume. On the filters used for the isolation of Legionella sp. strains, we observed only a few gray-white colonies with ground-glass opacity indicating Legionella-like bacteria. By real-time PCR, we obtained numbers ranging from 0.7 to 89.9 Legionella pneumophila genome units (GU) per liter of sample volume. The highest number was detected in the infrequently used men's shower in the D building, and the lowest numbers were detected in the two cold-water samples (Ͻ5 GU). Due to a rather small number of Legionella cells in the samples, as detected by real-time PCR, single colonies observed on the agar plates can lead to an overestimation of numbers of Legionella CFU.
Based on our observations from the genus-specific screening of our drinking water from the tap, we investigated our smallscale drinking water network on the HZI campus regarding the occurrence of Legionella species. We were able to isolate different Legionella-like colonies on BCYE agar and tested them with Legionella genus-specific and Legionella pneumophila-specific primers. These isolations resulted in 15 Legionella sp. strains, which were further characterized by sequencing of the complete 16S rRNA gene (Table 1) . Four isolates could be clearly assigned as Legionella pneumophila strain Corby (isolates SK1, SK2, Y7, and Y8), two could be assigned as Legionella anisa (isolates GZ1 and GZ2), and all nine cooling tower isolates could be assigned as Legionella pneumophila. Due to the high sequence similarity of the 16S rRNA genes in the genus Legionella (32), no taxonomic information at the clonal level could be obtained here.
MLVA-8 CE of the reference strain and environmental isolates. We determined the clonal genotypes of our isolates and reference strain Philadelphia according to the well-established MLVA-8 developed previously by Pourcel et al. (30, 31) . These genotypes were determined by using capillary electrophoresis (CE) to assess the PCR fragment size estimation. As shown in Fig. 2a and b (left) , the electropherograms of the two panels are shown for isolate SK1, and peaks can be clearly identified for all eight Lpms markers. Based on the PCR product sizes, the numbers of repeats in the alleles were calculated by subtraction of the number of flanking bases and division by the repeat unit length. The observed allele sizes (determined by CE) were also compared with the sizes reported in the help file for the Legionella pneumophila MLVA typing page (http: //bacterial-genotyping.igmors.u-psud.fr/Legionella2006/help .htm). This file should assist assignments when calculating allele sizes by gel-based MLVA. However, we observed only minor differences in sizes compared to our CE-based results for the reference strain and our isolates. This did not lead to a false prediction of alleles for all VNTR markers. All four isolates from the rinsing room for laboratory material (scullery) of the D building and the technical room of the Y building showed exactly the same MLVA genotype (Table 5) . In addition, all cooling tower isolates showed nearly the same In situ MLVA-8 CE of environmental samples. We also performed the MLVA-8 capillary electrophoresis analysis directly on the DNA samples from our sampling and were able to detect most of the markers in every sample. We did not get any PCR product in the room D0.04 sample for Lpms3 and Lpms35. The electropherograms of these "in situ" MLVAs also had very high levels of background fluorescence and were difficult to analyze due to low peak signals and an inability of the software to automatically allocate the peaks to the different VNTR markers (Fig. 2c and d, right) . Nevertheless, we identified more than one single peak for some samples by the manual analysis of the electropherograms. For the scullery in situ sample, for example, we detected one (Lpms1) or two (Lpms13) additional peaks corresponding to other repeat sizes ( Fig. 2c and d) in the sample. Due to the difficulties with direct MLVA-8 CE on environmental DNA (e.g., very high background, low peak signals, and no possibility for direct sequencing), we applied single-strand conformation polymorphism (SSCP) gel electrophoresis for the analysis of these complex samples. For this method, high resolution for the separation of PCR amplicons has been demonstrated (9) , and it allows the sequencing of the separated amplicons to identify single VNTR loci and determine precisely the MLVA profile.
SSCP gel electrophoresis of strain-specific MLVA profiles. We applied the MLVA-8 analysis directly to environmental DNA for the specific identification of different L. pneumophila genotypes in a single sample without prior isolation. For the testing of this approach, we amplified all eight loci and prepared the single-stranded amplicons for SSCP analysis for a reference strain and one isolate (SK1) (Fig. 3a) . In every lane one major band was dominating, with only a few exceptions (e.g., Lpms1). These double bands occurred probably due to the binding of a primer to the inner repeat region of the locus, as assumed by Nederbragt et al. (26) . To confirm the high resolution of the developed approach, we cut out all major bands from the gel, reamplified them with the respective primer pairs, and sequenced the bands as indicated in Fig. 3 . For some additional bands we were not able to reamplify the single-stranded PCR product, supporting the assumption mentioned above (data not shown). All other products resulted in the same repeat sizes as those obtained by capillary electrophoresis. A minor limitation of the direct sequencing technique that we used was the maximum read length (about 800 bp). Therefore, we were not able to sequence the complete product of the Lpms3 locus because it was too long (ϳ930 bp) to be read completely with our sequencing approach.
SSCP gel electrophoresis of MLVA-8 PCR products from environmental DNA. We performed the same SSCP analysis of the single loci for two isolates (here SK1 and SK2) and the corresponding DNA sample extracted from the source of the isolates, i.e., the scullery bulk water, to test if the SSCP fingerprinting was working directly on our environmental DNA (Fig.  3b) . On this gel, we used the amplicons of panel I and panel II MLVA-PCR from strain Philadelphia as a single-strand marker on the outside (marker I, panel I; marker 2, panel II). The two isolates showed distinct major bands for all loci corresponding to the gel shown in Fig. 3a (SK1) . For the environmental DNA from the scullery, we were able to detect more than one major band per locus for the Lpms1, Lpms35, and Lpms34 loci. When calculating the repeats from the sequences (Table 5) , we observed that only the two additional bands from the markers Lpms1 and Lpms35 were also corresponding to other repeat sizes. For Lpms1, the detected repeat size was exactly the same as that detected by in situ capillary electrophoresis. The two different major bands of Lpms34 had almost the same sequence.
We analyzed additional environmental samples with our SSCP fingerprinting approach. As shown in Fig. 3c , the Lpms products for two hot-water samples (men's shower and boiler house) and a cold-water sample (room D0.04) are shown. Except for the markers Lpms3 and Lpms35, which we also could not detect by CE, we were able to get amplicons and ssDNA for all other markers and samples. Again, we sequenced the major bands from the gel resulting in repeat information similar to that gathered by capillary electrophoresis. Except for Lpms1, where we expected several other bands due to the additional binding of primers, we observed several additional bands only for the room D0.04 sample. Through the sequencing of the three major Lpms13 amplicons, we found that these amplicons corresponded to three different alleles for this marker (Fig. 3c and Table 6 ), consisting of 3, 5, and 11 repeats. For all other loci, we could not observe additional alleles by the sequencing of additional bands. For example, for Lpms19 in the boiler house sample, all three major bands exhibited the same sequence. Therefore, we decided to sequence only the major bands of the SSCP MLVA-8 fingerprints. For the in situ samples, all possible genotypes were calculated based on the different results from CE and SSCP sequencing (Table 5) .
DISCUSSION
Legionella pneumophila can pose a significant health threat to humans, most notably to immunocompromised persons, if present in human-made aquatic environments (37) . To understand infections by this pathogen, especially regarding its epidemiological aspects, an identification of strains at the subspecies level is necessary. Molecular tools based on the analysis of bacterial DNA, such as MLST or MLVA, have become widely accepted in molecular typing studies of pathogenic bacteria (15, 17, 18, 24) . The MLVA analysis is based on polymorphic minisatellites (VNTRs) on different loci, where recombination and DNA polymerase slipping often happen. If occurring with certain frequencies, these events can result in changes of the repeat sizes between different strains at a given locus (38) . Currently, MLVA data for L. pneumophila and several other pathogens, such as Mycobacterium tuberculosis and Pseudomonas aeruginosa, can be obtained from the central GPMS website (http://minisatellites.u-psud.fr/), and the amount of data is increasing steadily (19) . Recently, Pourcel et al. (30, 31) developed an MLVA-8 gel-based typing profile for L. pneumophila. Nederbragt et al. (26) were able to transfer this method to capillary electrophoresis (CE) for an improved typing of L. pneumophila isolates from patients or the environment. Nevertheless, partly due to the VBNC state of Legionella, the isolation of L. pneumophila from environmental samples (bulk water and biofilms, etc.) or clinical samples (sputum and lung biopsy specimens, etc.) poses a great challenge (28, 36) .
We monitored our drinking water for members of the genus Legionella using cultivation-independent molecular techniques during 1 1 ⁄2 years. Most of the detected species were uncultured in the seldom-used men's shower. This is in accordance with several previously reported studies where Legionella was isolated predominantly from hot-water sources such as dead-end tubes of the mains or infrequently used taps (23) . In a German study of hot-water samples from 452 households, water temperature was observed to be probably the most important factor for the multiplication of legionellae (25) . Furthermore, it has been observed for many outbreaks of Legionnaires' disease that hot water was the most frequent source of infection (5, 11, 20, 29) . To bridge the gap to cultivation, we isolated and characterized 15 Legionella sp. strains that we obtained by the sampling of different points on the HZI campus. By 16S rRNA gene sequencing, 13 strains could be identified as being L. pneumophila strains. The rather small number of isolates could be explained by the VBNC state of the bacteria, their intracellular occurrence in their natural protozoan host, and the accompanying microflora complicating the acquisition of isolates. We genotyped the 13 L. pneumophila isolates with the MLVA method described previously by Nederbragt et al. (26) using CE. VNTR analysis of the eight loci resulted in three different MLVA-8 genotypes. When analyzing our environmental DNA with CE, we had to face several problems, such as PCR inhibition resulting in low amplification rates as well as high background signals complicating the analysis of these complex samples. Therefore, a calculation of the number repeats for the VNTR loci from CE data was not always feasible. To overcome these analytical problems, we chose single-strand conformation polymorphism (SSCP) gel electrophoresis. We were able to detect fragments in a size range from 90 to 1,000 bp using a long glass plate for the separation of single-stranded PCR amplicons. This range was suitable for the separation of all single-stranded tandem-repeat locus amplicons from MLVA-8. We demonstrated that the method gave clear and informative results for every one of the eight MLVA loci described previously by Nederbragt et al. (26) by using a reference strain and some of our L. pneumophila isolates. Through sequencing of the single bands of the SSCP gel, we demonstrated that not only the length of the PCR product but also the complete underlying sequence information could be determined from environmental DNA by this method.
After adapting our approach to environmental DNA, we could identify MLVA genotypes in samples without isolation success (e.g., for the room D0.04 sample, we were not able to isolate legionellae) and detect additional MLVA profiles based on different alleles for one marker (e.g., Lpms13 for the room D0.04 sample) (Fig. 3c) . By sequencing, we confirmed that additional SSCP bands for one VNTR locus were derived from different alleles. We tested our approach with additional DNA extracts from hot and cold water and could obtain clear bands for every MLVA locus. We assume that problems in the detection of one locus can arise if the concentration of L. pneumophila cells per liter would decrease under a detection limit of 2 genome units/liter because we had problems in obtaining PCR products for one or two of the eight loci in the room D0.04 sample, where we detected only 1.8 genome units/liter of finished drinking water. We were not able to obtain in situ MLVA results when the concentration was even lower (Y building) (data not shown). Other studies dealing with the quantification of a few pathogens in environmental samples are facing the same problem. Nevertheless, we think that the approach is very sensitive and can detect additional genotypes even if cells are in low concentrations, as they are with certainty in finished drinking water samples, where these kinds of pathogens are normally rare. Optionally, specific VNTR loci could be quantified by locus-specific real-time PCR. A subsequent melting-curve analysis would then provide detailed information about the abundance of single genotypes in a given environmental sample.
To our knowledge, this is the first study applying the MLVA approach directly to environmental DNA samples such as drinking water. We think that the developed approach could help identify outbreak strains long after the outbreak has occurred if the DNA or the water samples have been preserved for later analysis. In addition, this approach could also be applied to clinical samples without the cultivation of the infective strains and thereby contributes to an improved surveillance of Legionnaires' disease.
